Search for room-temperature superconductivity is inspired by the unique properties of the electron-phonon interaction in metal superhydrides. Encouraged by the recently found highest-TC superconductor fcc-LaH10, here we discover several polyhydrides of another lanthanide -neodymium. We identified three novel metallic Nd-H phases at pressures of 90 to 130 GPa: I4/mmm-NdH4, C2/с-NdH7, and P63/mmc-NdH9+x (x = 0-0.5), synthesized by laser-heating metal samples in NH3BH3 media for in situ generation of hydrogen. A lower trihydride Fm3 ̅ mNdH3 was found at pressures from 2 to 52 GPa. I4/mmm-NdH4 and C2/с-NdH7 were stable from 130 down to 85 GPa, and P63/mmc-NdH9+x -at 110 to 130 GPa. Theoretical calculations predict that all the neodymium hydrides have a strong magnetism at pressures below 150 GPa (> 2.2 μB per Nd atom): C2/c-NdH7 and hcp-NdH9 possess collinear anti-ferromagnetic [110] and [100]2 orders respectively, while NdH4 is a ferromagnetic with the (110) easy-axis. The critical Curie or Neel temperatures for new neodymium hydrides were estimated using the mean-field approximation as 100 K (NdH7), 95 K (NdH9) and 167 K (NdH4).
Introduction
In recent years, the high-pressure chemistry of the simplest element in the Mendeleev's Periodic Table, hydrogen, attracted the attention of researchers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Hydrides are convenient for the experimental study because of a very high diffusion coefficient of the atomic hydrogen, which facilitates the formation of new chemical compounds and makes it possible to perform the laser-assisted chemical synthesis in diamond anvil cells in milliseconds. 11 Just a few years ago, a series of theoretical and experimental studies of various metal hydrides demonstrated that heavy elements relatively easily form metallic superhydrides with high hydrogen content and predominantly cubic or hexagonal crystal lattices at pressures below 200 GPa, such as fcc-LaH10, 2 P4/nmm-LaD11-12, 12 P63/mmcThH9 and Fm3 ̅ m-ThH10, 3 UH7-9, 4 P63/mmc-CeH9, 5, 6 and P63/mmc-and F4 ̅ 3m-PrH9, 7 whereas lighter atoms tend to form molecular semiconducting hydrides with low symmetry, for instance LiH6 8 and NaH7. 10 Extremely high values of Tc have been predicted for MgH6, 13 CaH6, 14 and YH10, 15 but these compounds have not been synthesized yet.
One of the most important properties of high-symmetry polyhydrides is very strong electron-phonon interaction. The critical temperature (> 250 K 12, 16 ) and upper critical magnetic field (HC up to 140 T) achieved in fcc-LaH10 have already surpassed parameters of other known compounds, e.g. cuprates. 17 Statistical analysis of theoretical results shows that the increasing number of d and f electrons in the electron shells of a hydrideforming atom leads to the enhancement of magnetism and relative contribution of d and f orbitals to the total electronic density of states at the Fermi level N(EF) associated with weak electron-phonon coupling. 7, 18 Thus, the main driver of the study of lanthanide hydrides is their unusual chemistry and possible interplay between the classical phonon-mediated superconductivity and magnetic ordering. Currently, the high-pressure chemistry of lanthanide hydrides is not sufficiently developed, and further investigations of the synthetic pathways and crystal structure of these compounds will contribute to building a deeper understanding of the chemistry and physical properties of metal hydrides. Previously, Chesnut and Vohra 19 studied the crystal structure of metallic Nd at pressures up to 150 GPa and determined the phase sequence occurring as the pressure increases: dhcp → fcc → dfcc (hR24) → hP3 → monoclinic → α-U. Like other lanthanides, Nd can readily absorb hydrogen at high temperatures and form hydrides: dihydrides with cubic closepacked and trihydrides with hexagonal close-packed Nd sublattice were found at ambient pressure. 20 Continuing studies of lanthanide-hydrogen systems, in this work we study the high-pressure chemistry of the Nd-H system in the pressure range of 0 to 140 GPa and discover two novel superhydrides, NdH7 and NdH9.
Methods
The neodymium powder with 99.99% purity was purchased from Alfa Aesar. We performed laser heating of two diamond anvil cells (100-μm culets) loaded with Nd and ammonia borane (NH3BH3) purified by sublimation. The thickness of the tungsten gasket was 20±2 μm. Heating was carried out by pulses of an infrared laser (1 μm, Nd:YAG). Temperature measurements were carried out by detection of the black-body radiation using the Planck formula on Mar345 detector. The pressure was measured by the edge position of the Raman signal of diamond 21 using Horiba LabRAM HR800 Ev spectrometer with the exposure time of 60 seconds. The X-ray diffraction patterns of all samples studied in diamond anvil cells were recorded on BL15U1 synchrotron beamline 22 at Shanghai Synchrotron Research Facility (SSRF, China) using a focused (5×12 μm) monochromatic X-ray beam (20 keV, 0.6199 Å) and a two-dimensional Mar165 CCD detector. The experimental X-ray diffraction images were analyzed and integrated using Dioptas software package (version 0.4). 23 The full profile analysis of the diffraction patterns and calculation of the unit cell parameters were performed in Materials Studio 24 and JANA2006 25 using the Le Bail method. 26 We calculated the equations of state (EoS) for NdH3, NdH4, NdH7, and NdH9 phases and compared them with the experimental ones. In this work, we did not use the DFT+U correction. However, performing test DFT+U calculations by employing U-J = 5 eV we noticed that has a significant impact on the unit-cell volumes by about 3 % increase. To calculate the equations of state, we performed structure relaxations of phases at various pressures using density functional theory (DFT) 27, 28 within the generalized gradient approximation (Perdew-BurkeErnzerhof functional) 29, 30 and the projector-augmented wave method 31, 32 as implemented in the VASP code.
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The plane wave kinetic energy cutoff was set to 1000 eV, and the Brillouin zone was sampled using Γ-centered k-points meshes with the resolution of 2π×0.05 Å −1 . Non-collinear magnetism calculations have been carried out by including the spin-orbit coupling as implemented in VASP by Hobbs et. al.
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The obtained dependences of the unit cell volume on pressure were formally fitted by the 3 rd Birch-Murnaghan equation 37 to determine, using the EOSfit7 software, 38 the main parameters of the EoS: the equilibrium volume V0, bulk modulus K0, and derivative of bulk modulus with respect to pressure K'. We also calculated phonon densities of states for the studied materials using the finite displacement method (VASP 39 and PHONOPY 40 ). Calculations of phonons, electron-phonon coupling, and superconducting TC were carried out with QUANTUM ESPRESSO (QE) package 41 using density-functional perturbation theory, 42 employing the planewave pseudopotential method and Perdew-Burke-Ernzerhof exchange-correlation functional. 29 In our ab initio calculations of the electron-phonon coupling (EPC) parameter λ, the first Brillouin zone was sampled using 2×2×2 and 3×3×3 q-points meshes and a denser 16×16×16 k-points mesh (with the smearing σ = 0.025 Ry that approximates the zero-width limits in the calculation of λ). The critical temperature TC was calculated using the Allen-Dynes (A-D) formula 43 because for a low-coupling limit the results of the exact solution of the Eliashberg equation have almost no difference from the results of the much simpler A-D or McMillan formulas.
Results and discussion
Stable phases predicted by theoretical calculations Before the experiment, we carried out several independent variable-composition searches for stable compounds in the Nd-H system at 50, 100, and 150 GPa using the USPEX [44] [45] [46] code. This was necessary because in the previous study by Peng et al., 47 neodymium superhydrides were artificially constructed by placing the Nd atoms into the well-known closed hydrogen shells with a limited number of examined Nd-H compositions.
The results of the structure search exhibit large differences depending on the inclusion or exclusion of spinorbit coupling (SOC) and magnetism. USPEX indicates that 3 ̅ -NdH, tetrahydride Immm-NdH4, cubic Fm 3 ̅ m-NdH8, and F 4 ̅ 3m-NdH9 polyhydrides are stable compounds at 150 GPa, while C2/c-NdH7 lies ~0.05 eV/atom above the convex hull. P63/mmc-NdH9, which is similar to LaH9, 13 CeH9, [5] [6] and PrH9, 7 lies 0.035 eV/atom above the convex hull regardless of accounting ZPE (Fig. 1a) . At 100 GPa (Fig. 1b, d ) we see stabilization of the I4/mmm modification of NdH4 and appearance of P63mc-NdH8 on the convex hull. At the same time, C2/c-NdH7 becomes closer (~0.015 eV/atom) to the convex hull and stabilizes about 80 GPa. The calculations at 50 GPa without accounting for the spin-orbit coupling and magnetism show that P63/mmc-NdH, P21/c-NdH2, C2/m-NdH3, and C2/c-NdH7 are stable hydrides (Fig. 1c) . However, the spin-orbit coupling leads to dramatic changes in the set of stable phases: P21/c-NdH2 disappears, while Fm 3 ̅ m-NdH3 becomes thermodynamically stable. Molecular polyhydride C2/c-NdH7 maintains its stability down to 50 GPa. 4 and molecular C2/c-NdH 7 Synthesis of neodymium hydrides was performed in Z1 diamond anvil cell with a piece of Nd compressed in the NH3BH3 medium to 94 GPa and heated to 1700 К, 48 according to the reaction: Nd + NH3BH3 → NdHx + c-BN. The Raman signal of H2 was detected at 4180.9 cm -1 , the corresponding pressure is 96 GPa. The rather complex diffraction pattern observed after laser heating shows that the reaction products are dominated by C2/cNdH7 and have a small amount of tetragonal I4/mmm-NdH4 (Fig. 2) . Exploring this sample, we determined the experimental equation of state of C2/c-NdH7 and I4/mmm-NdH4 in the pressure range from 85 to 135 GPa (Fig.  3b) Synthesis of superhydride P6 3 /mmc-NdH 9+x
Synthesis of atomic I4/mmm-NdH
Synthesis of higher neodymium hydrides was performed in Z2 diamond anvil cell with a piece of Nd compressed in the NH3BH3 medium to 113 GPa and heated to 1800 К. The Raman signal of H2 was detected at 4142.9 cm -1 , the corresponding pressure is 115 GPa. The obtained diffraction pattern (Fig. 3 , 110-130 GPa, Supporting Information Table S6 ) corresponds to hexagonal P63/mmc-NdH9+x neodymium superhydride having a nonstoichiometric H content (0 ≤ x ≤ 0.5), the structure of which is very close to the previously described hexagonal P63/mmc-ThH9, 3 PrH9, 7 and UH9 4 (Fig. 3c) . Both known theoretical investigations of the high-pressure chemistry of the Nd-H system 18, 47 claim the existence of cubic NdH8 and NdH9, while the experiment shows the presence of only one unexpected nonstoichiometric hexagonal P63/mmc-NdH9+x phase. The degree of nonstoichiometry (x) was determined by a linear interpolation of dependence of the cell volume on the H content between 9 and 10 H atoms per 1 Nd atom. The calculated volumes of the ideal P63/mmc-NdH9 structure are close to the experimental values, although the theoretical cell parameters have some deviations from the observed ones, probably because of the presence of additional hydrogen in the structure, for instance: a(exp) = 3.639 Å, a(theory) = 3.459 Å, c(exp) = 5.560 Å, c(theory) = 5.935 Å at 120 GPa. These deviations, as well as stability of hcp-NdH9, can be almost completely explained by DFT+U calculations with U = 5 eV introduced for describing correlation effects, which is broadly used value for the Nd f-electrons.
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Additional ab initio studies show that the P63/mmc-NdH9 structure is dynamically stable (Supporting Information Fig. S5 ). Because of the visible difference in cell parameters, we also considered P63mc-NdH8 and P63/mmc-NdH10 structures as possible candidates. NdH8 is similar to P63mc-PrH8 and dynamically stable, lying on the convex hull at 100 GPa (Fig. 3b) . However, its predicted volume V120 (NdH8) = 29.04 Å 3 , which is much smaller than the experimental value of 31.88 Å 3 we found for P63/mmc from XRD data. The proposed P63/mmcNdH10 is thermodynamically and dynamically unstable, and its predicted cell volume differs significantly from the measured one (Fig. 3b) .
NdH9 has the same hexagonal structure as the whole family of nonahydrides: LaH9, PrH9, CeH9, and ThH9. In NdH9, H29 cages have the nearest H-H distance of 1.243 Å, the longest among all previously studied lanthanide polyhydrides at 120 GPa, while the nearest Nd-H distance at this pressure is 1.997 Å. The experimental cell parameters of the compound are listed in Supporting Information Table S6 . Fitting the experimental pressurevolume data in the range from 110 to 126 GPa using the third-order Birch-Murnaghan equation of state gives V100 = 33.3(2) Å 3 , K100 = 404.4(3) GPa, and K100' = 12.3 (9) . After the destruction of diamonds on decompression from 106 to 51 GPa, the recorded XRD patterns demonstrated only one lower hydride phase: the metallic and magnetic 3 ̅ m-NdH3 (Supporting Information Fig. S2c ) with the experimental cell parameter a = 4.831(7) Å at 50 GPa, consistent with the earlier prediction.
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Fitting the experimental pressure-volume data for this phase in the pressure range from 7 to 50 GPa using the third-order Birch-Murnaghan equation of state gives V0 =42.3(3) Å 3 , K0 = 48.4(9) GPa, and K0´ = 4.5(0).
Magnetic properties of neodymium hydrides
Ab initio calculations show that P63/mmc-NdH9 exhibits metallic properties and magnetism (Supporting Information Fig. S6 ). The contribution of hydrogen atoms to N(EF) is very low: 7.44 eV -1 f.u.
-1 (97%) comes from Nd, while hydrogen gives only 0.22 eV -1 f.u.
-1 (3%). It is expected that such high electron density at the Fermi level drives an instability against spontaneous magnetization (see also Stoner criterion 56 ). Inspite of a clear analogy between Nd-H and Pr-H 7 systems (hexagonal polyhydrides), there is a significant difference in magnetic properties associated with the number of f-electrons. All Nd-H phases demonstrate strong magnetic properties (Fig. 4) , more pronounced than those of the corresponding praseodymium hydrides. This, probably, excludes the possibility of a classical electron-phonon superconductivity. On the other hand, the coexistence of magnetism and strong electron-phonon interaction leave open the possibility for more complex mechanisms of superconductivity found in cuprates and Fe-containing pnictides 17, 57 . Simple spin-polarized calculations show that NdH7 and NdH4 maintain the magnetic moment of ~ 2.5-3.5 μB per Nd atom at low pressures, then start to slowly lose magnetism as the pressure increases, while the cubic NdH3 keeps an almost constant magnetic moment, around 3 μB, in the pressure range from 0 to 150 GPa. The magnetization of NdH9 rapidly decreases with rising pressure and vanishes at ~230 GPa. To understand exact spin configurations at finite pressure we have employed 10 different spin configurations using single-unit cells for NdH7, NdH9 and 2 × 2 × 1 supercell for NdH4 compounds with the intention to understand the character of a first nearest neighbors (NN) exchange. Using non-collinear calculations, the magnetic anisotropy energy (MAE) for NdHx phases along different directions has been computed. Each magnetic configuration has been calculated at fixed lattice parameters and corresponding pressure. Summarized results (Table 1) clearly indicate the AFM character of NdH7 and NdH9 compounds and ferromagnetic nature of NdH4 along with strong anisotropy (Fig. 5) . 
Conclusions
Following the studies of LaH10, 2, 12, 16 ThH9-10, 3 and PrH9 7 superhydrides, here we confirmed the effectiveness of the method of selective synthesis of metal polyhydrides through the in situ decomposition of NH3BH3 in the laser flash with the simultaneous absorption of the released hydrogen by metallic Nd. Using this method, we synthesized three novel neodymium polyhydrides, P63/mmc-NdH9+x (0 ≤ x ≤ 0.5), C2/c-NdH7, and I4/mmmNdH4, and trihydride Fm3 ̅ m-NdH3 in the pressure range of 0 to 140 GPa. NdH9 is the next member of the P63/mmc family of La, Ce, Pr, Th, and U nonahydrides. For all the synthesized phases, the equations of state and unit cell parameters are in satisfactory agreement with our DFT calculations, except NdH9, where we had to propose non-stoichiometric composition or use DFT+U (U = 5 eV). We confirmed the previous theoretical predictions of the H-content in Nd superhydrides (the maximum is ~ 9), but the experimentally found symmetry (hcp) of NdH9 is different from the most stable computed structures.
The theoretical calculations predict that all the neodymium hydrides have a strong magnetism at pressures below 150 GPa (> 2.2 μB per Nd atom): C2/c-NdH7 and hcp-NdH9 possess collinear anti-ferromagnetic [110] and [100]2 orders respectively, while NdH4 is a ferromagnetic compound with the (110) easy-axis. The critical Curie or Neel temperatures for new neodymium hydrides were estimated using the mean-field approximation as 100 K (NdH7), 95 K (NdH9) and 167 K (NdH4).
The electron-phonon interaction in the newly discovered Nd-H phases is weak. The hexagonal NdH9 has the EPC parameter λ = 0.67 and ωlog = 769 K at 120 GPa. We found that electron-phonon coupling in C2/c-NdH7 is extremely weak, while I4/mmm-NdH4 has the highest λ = 0.9 at 100 GPa. Thus, the Nd-H hydrides possess weak to medium electron-phonon coupling parameters which decline in the La-Ce-Pr-Nd series of hydrides, while the magnetic properties become more and more distinct.
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Young R. A. The Rietveld Method. International union of crystallography 5, 1-38 (1993 Table S1 . The crystal structure of the predicted Nd-H phases. Harmonic calculations using Allen-Dynes formula (A-D) at 120 GPa show that hcp-NdH9 has quite small electron-phonon coupling constant λ = 0.67 and TC (A-D) = 15-25 K. Using the standard BCS equations (see below) we formally estimated (at μ* = 0.1) the coherence length ξBCS = 0.5√ℎ/ 2 at 46 Å and μ0Hc2(0) at up to 15.4 T (Table S7) , which is about 30% of the Clogston-Chandrasekhar paramagnetic limit ∆ 0 /√2 = 48.7 T (when the magnetostatic polarization energy exceeds the Cooper pairs condensation energy). 3 The estimation of the average Fermi velocity VF ~0.9×10 5 m/s enables us to calculate the London penetration depth λL, which is over 1.3 μm, and the lower critical magnetic field μ0HC1 = 0.35 mT. The calculated Ginzburg-Landau parameter 4 is over 290, which is typical for Type II superconductors. Due to the presence of pronounced maximum of N(E) close to EF, the determination of SC critical temperature strongly depends on the chosen σ-smoothing (Figures S8-S9 ). The electron-phonon interaction in the molecular C2/c-NdH7 at 100 GPa is even weaker than in NdH9: λ = 0.23, ωlog = 842 K, and TC ~ 0.01 K. This may be associated with the almost zero (~1%) contribution to N(EF) from hydrogen ( Figure S6 ). Unexpectedly pronounced electron-phonon coupling is predicted for I4/mmm-NdH4 (Figure S7a) . At 100 GPa, this compound has λ = 0.9, ωlog = 829 K, maximum TC ~ S9 51.4 K (μ*=0.1, Table S7), and μ0Hc2(0) up to 34 T, which is about 33% of the Clogston-Chandrasekhar paramagnetic limit (105 T). The anomalously high upper critical magnetic field is due to a high N(EF) caused by several van Hove singularities near EF (Figure S6 ). The estimation of the average Fermi velocity VF at ~ 1.2×10 5 m/s enables us to calculate the London penetration depth λL ~ 785 nm, coherence length ξBCS = 31 nm, and lower critical magnetic field μ0HC1 = 1 mT. The critical current density (Jc = eneVL), evaluated using Landau criterion for superfluidity 
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Equations for calculating TC and related parameters
To calculate the isotopic coefficient β, the Allen-Dynes interpolation formulas were used: 
where the last two correction terms are usually small (~ 0.01).
The Sommerfeld constant was found using the formula
To estimate the upper critical magnetic field and superconductive gap, the well-known semi-empirical equations of the BCS theory were used (Ref. 7 , Eq. 4.1 and 5.11), which work satisfactorily for TC/ωlog < 0.25: 
The lower critical magnetic field was calculated according to the Ginzburg-Landau theory
where λL is the London penetration depth, found in SI by the formula 2 -5 2
c is the speed of light, e is the electron charge, me is the mass of an electron, and ne is an effective concentration of charge carriers expressed via the average Fermi velocity (VF) in the Fermi-gas model:
The average Fermi velocity was estimated as (0)
where ξ is the coherence length calculated using the formula In accordance with the Debye model, 8, 9 the Debye temperature (θD) and both sound velocities were calculated:
(S13) Table S1 . The crystal structure of the predicted Nd-H phases. Harmonic calculations using Allen-Dynes formula (A-D) at 120 GPa show that hcp-NdH9 has quite small electron-phonon coupling constant λ = 0.67 and TC (A-D) = 15-25 K. Using the standard BCS equations (see below) we formally estimated (at μ* = 0.1) the coherence length ξBCS = 0.5√ℎ/ 2 at 46 Å and μ0Hc2(0) at up to 15.4 T (Table S7) , which is about 30% of the Clogston-Chandrasekhar paramagnetic limit ∆ 0 /√2 = 48.7 T (when the magnetostatic polarization energy exceeds the Cooper pairs condensation energy). 3 The estimation of the average Fermi velocity VF ~0.9×10 5 m/s enables us to calculate the London penetration depth λL, which is over 1.3 μm, and the lower critical magnetic field μ0HC1 = 0.35 mT. The calculated Ginzburg-Landau parameter 4 is over 290, which is typical for Type II superconductors. Due to the presence of pronounced maximum of N(E) close to EF, the determination of SC critical temperature strongly depends on the chosen σ-smoothing (Figures S8-S9 ). The electron-phonon interaction in the molecular C2/c-NdH7 at 100 GPa is even weaker than in NdH9: λ = 0.23, ωlog = 842 K, and TC ~ 0.01 K. This may be associated with the almost zero (~1%) contribution to N(EF) from hydrogen ( Figure S6 ). Unexpectedly pronounced electron-phonon coupling is predicted for I4/mmm-NdH4 (Figure S7a) . At 100 GPa, this compound has λ = 0.9, ωlog = 829 K, maximum TC ~ S9 51.4 K (μ*=0.1, Table S7 ), and μ0Hc2(0) up to 34 T, which is about 33% of the Clogston-Chandrasekhar paramagnetic limit (105 T). The anomalously high upper critical magnetic field is due to a high N(EF) caused by several van Hove singularities near EF (Figure S6 ). The estimation of the average Fermi velocity VF at ~ 1.2×10 5 m/s enables us to calculate the London penetration depth λL ~ 785 nm, coherence length ξBCS = 31 nm, and lower critical magnetic field μ0HC1 = 1 mT. The critical current density (Jc = eneVL), evaluated using Landau criterion for superfluidity 
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The Sommerfeld constant was found using the formula 
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To estimate the upper critical magnetic field and superconductive gap, the well-known semi-empirical equations of the BCS theory were used (Ref. 7 , Eq. 4.1 and 5.11), which work satisfactorily for TC/ωlog < 0.25: c is the speed of light, e is the electron charge, me is the mass of an electron, and ne is an effective concentration of charge carriers expressed via the average Fermi velocity (VF) in the Fermi-gas model: (S11) (S12) (S13) 
